Migration and vascular lumen formation of endothelial cells in cancer cell spheroids of various sizes
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INTRODUCTION
Given the role of vascular network formation in tumor growth and progression, targeting tumor vasculature as a therapeutic method has long been proposed, and the inhibition of endothelial growth factors is one of the practical approaches to restrict tumor angiogenesis. 1 However, previous results with anti-angiogenesis drugs alone have been disappointing despite pre-clinical indications. 2 In a different approach, stabilization and normalization of tumor blood vessels resulted in decreased interstitial fluids, improved tumor oxygenation and enhanced delivery of cytotoxic agents when combined with standard of care. 3, 4 As a consequence, useful pre-clinical models are still desirable for the studies on behaviors of endothelial cells under the influences from carcinoma cells.
Multicellular tumor spheroid culture plays more and more important roles in cancer research compared to conventional two-dimensional (2D) cell cultures. 5 A multicellular spheroid establishes gradients in nutrients, metabolites, catabolites, and oxygen in the radial a) Authors to whom correspondence should be addressed. Electronic addresses: tungy@gate.sinica.edu.tw, Tel.:
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1932-1058/2014/8(5)/052109/10/$30.00 V C 2014 AIP Publishing LLC 8, 052109-1 direction. Cellular functions and responses in tissues can be mimicked in spheroid cultures, and therefore, cellular spheroids can improve predictive capabilities of assays about drug efficacies. 6, 7 Traditional spheroid formation methods such as hanging drops, culture of cells on nonadherent surfaces, spinner flask, or NASA rotary cell culture system usually produce spheroids of random sizes, which are inconvenient for many biomedical applications. 8 For instance, spheroids with various sizes are unable to provide reliable information for drug testing due to the size dependent resistance of tumor spheroids. Many researchers have developed various microfluidic devices for formation and culture of tumor spheroids [9] [10] [11] [12] or differentiation of embryoid bodies. 13, 14 Some devices were recently used for drug testing on carcinoma spheroids. [15] [16] [17] Coculture spheroids for investigating cell-cell interactions in a 3D environment have also been implemented. 18, 19 Delicately designed microfluidic devices can provide continuous medium perfusion and better oxygen exchange for spheroid culture. 20, 21 Microfluidics is also capable of better flow controls in spatial and temporal domains, which allows reconstituting precise and more in vivo-like microenvironments to study cell behaviors. Nonetheless, imaging modality for observing 3D cellular dynamics is also required for the studies and applications of spheroid cultures.
Selective plane illumination microscopy (SPIM) is an optically sectioning microscopy technique for imaging large fluorescence samples such as embryos and cellular spheroids. 6, 22 In SPIM, the sample is illuminated with a sheet of light that propagates perpendicularly to the direction of observation. Therefore, a fluorescence image of a finite depth, called sectioned image, can be formed without lateral scanning. A stack of sectioned images acquired as the sample is moved along the direction of observation can be used to form a three dimensional (3D) view of a sample. Owing to the side-wise illumination and wide-field detection, SPIM offers lower photobleaching and phototoxicity compared to confocal microscopy, beneficial for time-lapse 3D imaging of biological samples larger than 100 lm in thickness. 23 For example, in embryos of zebrafish, the imaging of SPIM resulted in normal bone growth; while the observation with confocal microscopy caused aberrant bone growth under equivalent exposure conditions. 24 Although confocal microscopy provides better spatial resolution than usual SPIM, the spatial resolution of SPIM can be further improved by employing proper image deconvolution methods, such that a single cell can be identified in a sample larger than 100 lm. 25 With these unique features, SPIM has been applied to image live cell proliferation processes in cellular spheroids. 23, 26, 27 However, most of microfluidics devices are not compatible with light sheet microscopy because of the geometries of the culture chambers or the arrangement of the flow channels.
A simple microfluidic device compatible with SPIM can facilitate the time-lapse observation on cellular dynamics or formation of multicellular structures in spheroid cultures. In this work, we used a simple microfluidic device made of polydimethylsiloxane (PDMS) to form cocultured spheroids of hepatocellular carcinoma cells (HepG2) and human umbilical vein endothelial cells (HUVECs). 28 In this device, the cubical spheroid culture chambers made it easy to accommodate the illumination light sheet of SPIM as well as to capture the fluorescence images of the cells. We could also control the spheroid size using various sizes of cubical cavities in a same device. Using a single-beam SPIM setup, we studied the behavior of HUVECs in a particular spheroid up to 72 h. We found that the migration of HUVECs was related to the size of the tumor cell spheroids. With this platform, we also evaluated the effects of growth factors, including vascular endothelial growth factor (VEGF), and fibroblast growth factor (b-FGF) on the HUVECs inside the tumor spheroids. Under the treatment of VEGF and b-FGF, the HUVECs tended to stay inside the tumor cell spheroids, and some of the HUVECs formed lumen-like structures.
MATERIALS AND METHODS

Design and fabrication of the spheroid culture device
The culture device for cellular spheroids was constructed using two PDMS layers: The bottom layer contained the culture chambers while the top layer held one channel covering the culture chambers, as shown in Fig. 1 . We arranged the culture chambers such that the light sheet of SPIM illuminated only one chamber at a time [ Fig. 1(A) ]. This device was fabricated using the well-developed soft lithography replica molding process. In brief, a silicon wafer with positive relief features was exploited as a mold. The mold was fabricated using a negative tone photoresist (SU-8 2050, Micro Chem Co., Newton, MA) patterned by photolithography. The fabricated mold was then silanized with 1H,1H,2H,2H-perfluorooctyltrichlorosilane (78560-45-9, AlfaAesar, Ward Hill, MA) in a desiccator for more than 30 min at room temperature to prevent undesired bonding of PDMS to the mold. PDMS prepolymer (Sylgard 184, Dow Corning Co., Midland, MI) with a 1:10 (v/v) curing agent to base ratio was poured on the mold and cured at 60 C for more than 4 h. After curing, we made the interconnection holes by using a biopsy punch with a diameter of 1.5 mm at the top layer. The bottom layer was aligned and irreversibly bonded with the top layer by using oxygen plasma surface treatment at 90 W for 40 s. The PDMS device was then cured in a 60 C oven for more than 2 h to promote the bonding and to assure full curing of the PDMS for better cellular compatibility. The bottom layer of the device (4 Â 0.75 Â 0.75 cm) was made as thin as possible to be compatible with the observation of SPIM [ Fig. 1(B) ]. A thin glass slide was attached to the device to make its shape more stable during experimental operations. In this device, we prepared cubical spheroid culture cavities with areas of 200 Â 200 lm 2 and 250 Â 250 lm 2 [ Fig. 1(C) ]. In order to minimize the light scattering, a thin layer of the PDMS precursor was applied on the device sidewall and then cured at 60 C. We kept the surface face up and leveled for more than 2 h to smoothen the introduction surface of the light sheet. Figure 1(D) shows the cross sectional view of the device filled with fluorescein. The depth and height of the cavities and top channel were both 250 lm. Figure 2 shows the setup of our experiments. We used an inverted microscope (TS-100F, Nikon, Kanagawa, Japan) as the main frame of our SPIM system. The light source was a supercontinuum laser with visible power (wavelength 450-750 nm) larger than 300 mW (Fianium, Southampton, UK). Neutral density filters of various transmissions were used to control the laser power. A motorized filter wheel (FW102C, Thorlabs, Newton, NJ) was used for selecting the excitation filters. A filter centered at 470 nm with a 40 nm full width at half maximum (FWHM) of the pass band was used for the excitation of Cell Tracker Green, and a filter centered at 545 nm, with a 30 nm FWHM of the pass band was for DsRed. A beam expander was used to achieve the required beam diameter at the cylindrical lens. We used a cylindrical lens with a 5 cm focal length to generate the illumination light sheet for SPIM. At the focal point of the cylindrical lens, the width of the light sheet was estimated to be 300 lm and the thickness was 9.2 lm and 10 lm for the 470 nm and 545 nm excitation beam, respectively. We used a 20 Â /0.50 NA (Leica Microsystems, Wetzlar, Germany) water-immersion objective or a 40 Â /0.60 NA (NIKON, Kanagawa, Japan) dry objective to collect the fluorescence signal. The fluorescence signal was collected by an emission filter centered at 535 nm, with a 50 nm FWHM of the pass band for Cell Tracker Green and an emission filter centered at 600 nm, 50 nm FWHM of the pass band for DsRed. A motorized Z-axis stage with 2 lm positioning accuracy (TSDM(GS)60-10ZF, Sigma-koki, Tokyo, Japan) mounted on a manual X-Y stage was used to hold the microfluidic device. The motion of the Z-axis stage and the image acquisition procedures were controlled by a LabVIEW program. A 14-bit CCD camera (SPOT RT3, Diagnostic Instruments, Sterling Heights, MI) was used to capture the images. The bright-field images were taken with the same microscope. The 3D fluorescence images shown in Figs. 3-5 were constructed using Imaris 7.2.3 (Bitplane, Zurich, Switzerland) after deconvolution with Huygens Essential (Scientific Volume Imaging b.v., Alexanderlaan, The Netherlands). Cell spheroid formation and culture
Experimental setup
Before the experiments, the device was oxidized in oxygen plasmas for 40 s to make the PDMS surface hydrophilic. Afterwards, 1% (v/v) Synperonic V R F-108 (07579, Fluka, SIGMA-ALDRICH, Co., St Louis, MO, USA) was introduced into the channel and incubated overnight to make the device resistant to cell adhesion. Prior to cell loading, the device was sterilized under ultraviolet light for 1 h. Excess Synperonic V R F-108 was washed out with the HepG2 and HUVEC culture media mixed with a 1:1 volume ratio. For the formation and culture of coculture spheroids, the top channel with length, width, and height of 38 Â 1.2 Â 0.25 mm 3 and the culture chambers with length, width, and depth of 200 Â 200 Â 250 lm 3 (small chamber) and 250 Â 250 Â 250 lm 3 (large chamber) were used (total 54 chambers). A 5 ll cell suspension with a ratio HepG2:HUVEC (50 lM Cell Tracker Green in 2 ml DMEM, incubated by 20 min)-¼ 5:1 with a density of 10 7 cells/ml was introduced from the top channel inlet at a flow rate-$ 1.0 ll/min. The device was kept in a humidified incubator with 5% CO 2 at 37 C. The cells settled in the culture chambers gradually because of the gravity. Owing to the strong cell-cell interaction and non-adhesive surface of the device, the cells aggregated with each other within 24 h. The culture medium was refreshed after 12 h using a normal pipette with a flow rate $ 20 ll/min. For the drug-treatment experiments, we added 1 ll, 10 lg/ml VEGF (100-20, Peprotech, Rocky Hill, NJ) and 1 ll, 10 lg/ml b-FGF (100-18B, Peprotech) into 100 ll HUVEC culture medium, and then injected the solution into the spheroid culture device.
Areal distribution of HUVEC in percentage
In order to study the HUVEC migration, a MATLAB program was used to analyze 2D image slices at various time points, as illustrated in Fig. S1 in the supplementary material. 29 The area occupied by HUVECs in an annular ring of middle radius r with a width of 10 lm was normalized by the area of this annular ring. We named this value as the "percentage of HUVEC occupied area in the annular ring of radius r." Then a histogram of "percentage of HUVEC occupied area in a particular annular ring" was drawn with normalized ring radius (r/R) by the MATLAB program, where R is the spheroid radius.
RESULTS
Resolution of SPIM in the spheroid culture device
The cubical cavities of our spheroid culture device caused little influence in the illumination light path of the SPIM. The smooth device side walls also helped to minimize the scattering. To characterize the resolution of our SPIM setup, we used 200 nm fluorescent beads in agarose and took Z-stacks of 2D images with an excitation filter at 470 nm and an emission filter at 535 nm. We reconstructed a 3D image from these 2D images and measured the point spread function (PSF) along the X, Y, and Z axes using the MetroloJ plug-in in the Fiji image processing package. 30 By using the 20 Â /0.50 NA water-immersion objective to capture the images, the measured FWHM of the PSF was 0.67 lm and 0.63 lm in the X and Y axis, respectively. The average width of the Z-axis PSF was about 11 lm with careful alignment.
SPIM images of cellular spheroids
In Fig. 3 , we show a coculture spheroid (diameter $ 240 lm) of HepG2 (red) and HUVEC (green) imaged at day 2 and day 3 by using the 20 Â /0.50 NA water-immersion objective. 
Migration of HUVECs in spheroids of different sizes
We studied the growth of a particular spheroid up to 48 h by using bright-field images captured with the 40 Â /0.60 NA dry objective. The cellular spheroid was cultured in a 200 Â 200 lm 2 cubical chamber. The bright-field images [ Fig. 4(A) ] confirm the integrity and healthy nature of the spheroid in the microfluidic device after the consecutive imaging using SPIM at 24, 36, and 48 h. Figure 4(B) shows the 3D image of HUVECs cultured in the 200 Â 200 lm 2 chamber after 24, 36, and 48 h. The 3D pictures show that at first the HUVECs were randomly distributed in the spheroid. At the 36th h, the HUVECs were migrating outward the spheroid. At 48th h, the outward migration persisted. We compare the normalized percentage of HUVEC area distributions of a single slice at the middle of the spheroid and show the pattern with time in Fig. 4(C) . In the smaller spheroid, the HUVECs showed an outward migration tendency. In comparison, Fig. 5(A) shows the bright-field image of the spheroid cultured in the 250 Â 250 lm 2 chamber up to 72 h. Figure 5 (B) shows the 3D images of HUVECs inside the spheroid at 24, 48, and 72 h. Figure 5(C) shows the normalized percentage of HUVEC area distributions. We did not see the HUVEC migration in this larger cavity. This phenomenon was repeatedly observed in three experiments.
Formation of a lumen-like structure by the HUVEC In another set of experiments, we studied the effect of pro-angiogenic factors VEGF and b-FGF on the HUVECs 31 inside the HepG2 spheroid. We added 1 ll VEGF (10 lg/ml) and 1 ll b-FGF (10 lg/ml) into 100 ll HUVEC culture medium, and then injected the solution into the culture device after the first SPIM imaging at 24th h. The total volume of the culture medium inside the device was about 1 ml in static culture condition. the HUVEC inside the spheroid. We also calculated the normalized percentage of HUVEC area distributions and show them in Fig. 6(D) . Under the treatment of VEGF and b-FGF, we did not find the outward migration of the HUVECs even in the smaller spheroid.
DISCUSSION
We fabricated a multicellular spheroid culture device with cubical culture chambers. The sizes of cellular spheroids were controlled by the dimensions of the cubical chambers. The straight walls of these chambers were well compatible with the SPIM technique that gives much deeper insight to the in vitro spheroid culture models. We only used a static culture condition with the device in this present work to avoid unexpected fluid force caused cellular responses such as epithelial-mesenchymal transition mentioned in 3D ovarian cancer nodules. 32 Studies on endothelial cells that form perfusable microvascular networks and endothelial sprouting have been demonstrated in 3D gel structures. 33, 34 In our experiments, we observed a particular cellular spheroid for three days, owing to both the stable microenvironments in the culture device and the low phototoxicity of SPIM. 6, 23, 35 The images in Fig. 3 demonstrate that the HUVECs inside the HepG2 spheroids can be clearly observed by our SPIM system. With a 40 Â /0.60 NA objective, the 3D resolution is sufficiently high for identifying individual cells. We also employed bright-field imaging to monitor the growth of coculture spheroids in the device.
Timmins et al. had reported that HUVECs were predominantly localized to the outer regions in coculture spheroids with colorectal carcinoma cells. 36 But the authors did not conduct time-lapse sectioning imaging for analyzing the 3D migration of the HUVECs in the spheroid. In the present work, we employed the SPIM to observe the outward migration of HUVECs cocultured in the carcinoma cellular spheroid of a diameter $ 200 lm. However, for $250 lm cellular spheroids, the HUVECs exhibited the tendency to stay inside the spheroid and kept proliferating. The up-regulation of several pro-angiogenic factors in endothelial cells has been known to occur in response to the hypoxic environments. 37 Although we tried to use the fluorescently labelled antibody of hypoxia-inducible factor 1a (HIF-1a) to indicate the levels of hypoxia in spheroids, the antibody could only be tagged onto the cells at the periphery of a spheroid. The fluorescent reporters might not be a suitable method to indicate the levels of hypoxia in spheroids. Recently, Grimes et al. used positron emission tomography to estimate the oxygen levels in multicellular spheroids. 38 They showed that the spherical oxygen diffusion limit r l ¼ 232 6 22 lm for multicellular spheroids. Because the radii of our spheroids were nearly half of the r l , we postulate that the oxygen levels inside the 250 lm spheroids were lower than those in the 200 lm spheroids. Therefore, the intracellular VEGF expression of the HUVECs should be increased. 36 The higher hypoxia state could be the reason for the HUVECs to stay at the center of a large spheroid.
We also studied the effects of exogenous VEGF and b-FGF on the migration of HUVECs inside the coculture spheroid. These pro-angiogenic factors hindered the outward migration of HUVECs even in smaller spheroids. In some cases, we could see that HUVECs formed a vascular lumen-like structure inside the spheroid under the treatment of VEGF and b-FGF. This result demonstrated that our microfluidic platform incorporated with SPIM can help to evaluate the effects of various factors that bring positive or negative influences on vascular lumen formation in tumor spheroid models. However, at present, we have not seen vascular tree formation in our spheroid culture device. More experimental works are necessary to find out the optimized culture condition for vascular tree formation in cellular spheroids.
CONCLUSION
In the present work, we report a microfluidic device for tumor spheroid formation and coculture with endothelial cells. The formation of coculture spheroids was achieved with simple cubical chambers. Because of the straight and transparent chamber walls, this device was compatible to optical imaging techniques. We used a single beam SPIM setup with two-color excitations to study the cellular behaviors in the coculture spheroids. The spheroids formed by hepatocellular carcinoma cells and HUVECs could be cultured for up to three days in this device. The low phototoxicity of the SPIM technique facilitated long-term time-lapse observations on the coculture spheroids. We found outward migration of HUVECs in the carcinoma cell spheroid cultured in a 200 Â 200 lm 2 chamber. In contrast, this kind of outward migration was not observed in spheroids cultured in 250 Â 250 lm 2 chambers. This result could be explained with the mechanism of intracellular VEGF up-regulation by the hypoxia condition in a large spheroid. We also found that pro-angiogenic factors impeded the outward migration of HUVECs and induced the formation of lumen-like structures.
Because of the simplicity in fabrication and operation, the microfluidic device and SPIM platform developed in this work are useful for the studies on the effects of new drugs or drug combinations for both pro-angiogenic and anti-angiogenic therapies. The low phototoxicity of SPIM enables long-term observations of tumor and vessel development without interrupting the multicellular culture. This platform will also benefit studies on other physiological phenomena related to spheroid formation and 3D cell-cell interactions in microenvironment established by various types of cells, such as differentiation of stem cells in embryonic spheroids or neuron cell division and migration in neurospheres.
